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Abstract. This presentation gives a personal review of nuclear magnetic resonance (NMR) and nuclear 
quadrupole resonance (NQR) spin-lattice retaxation studies in cuprate superconductors mainly deal- 
ing with the YBa2Cu40 s compound with many examples from the Zª laboratory. The studies were 
performed in both the normal and the superconducting state with various NMR isotopes (e.g., ~70, 
63'6SCu, t35'137Ba). The relatively broad signals were mostly obtained by a phase-alternating add-sub- 
traer spin-echo technique. We will discuss the general behavior of spin-lattice relaxation in the nor- 
mal state and the calculation of the dynamic spin including an approach (on the basis of the t-J model) 
to calculate the relaxation for plane copper, oxygen, and yttrium. An application of the Luttinger- 
liquid model to the relaxation of chain copper in YBa2Cu30 ~ and YBa2Cu40 s is also given. We then 
will deal with characteristic features of the YBa2Cu40 s structure: the spin gap, ah electronic cross- 
over in the normal state, the single-spin fluid model, and the d-wave pairing. 
I Introduct ion  
The nuclear  magnet ic  resonance (NMR) and nuclear quadrupole resonance (NQR) 
signals obtained from cuprate high-temperature superconductors  l ike YBa2Cu30 7 
and YBa2Cu40 8 are very broad depending on the isotope studied and the prepa-  
ration o f  the material .  One therefore employs ,  in most  cases, the N Q R  spin-echo 
method in zero magnet ic  field with standard pulsed spectrometers ,  and the sig- 
nals are obtained, for instance, by a phase-al ternating add-subtract  spin-echo tech- 
nique. This way, it has been possible  to collect  a weal th  o f  information on N M R  
and N Q R  parameters  like electric field gradients (EFG),  Knight  shifts, and vari-  
ous types o f  re laxat ion times, especial ly  the spin-latt ice re laxat ion time. 
This presentat ion will give a personal review of  such relaxation studies mainly 
dealing with the YBa2Cu40 8 compound,  known for its homogenei ty  and stabil-  
ity, with many examples  from the Zª laboratory. The studies were per formed 
in both the normal  and the superconduct ing state with various N M R  isotopes 
(e.g., ~70, 63,65Cu, 135,137Ba). One obtains information about the type o f  coupl ing 
between the nucleus and its surrounding (i.e., magnet ic  or quadrupole  coupling)  
and about the mechanism causing the fluctuations (e.g., phonons,  polarons,  anti- 
208 D. Brinkmann 
ferromagnetic [AF] fluctuations). The results then provide insight into the mi- 
croscopic dynamics of the compounds and may help to understand the super- 
conducting phenomenon. References 1-5 are a selection of general reviews of 
NMR-NQR studies in high-temperature superconductors. 
We will start by discussing the general behavior of spin-lattice relaxation in 
the normal state and the calculation of the dynamic spin susceptibility. Then, an 
approach witl be discussed, based on the presentation of  the t-J model in terms 
of  Hubbard operators, which allows one to calculate the relaxation for plane 
copper, oxygen, and yttrium. An application of the Luttinger-liquid model to the 
relaxation of  chain copper in YBa2Cu307 and YBa:Cu40 s is also given. We then 
will deal with characteristic features of the YBa2Cu40 s structure: the spin gap, 
an electronic crossover in the normal state, the single-spin fluid model, a sepa- 
ration of charge and spin excitations, and the d-wave pairing. We will show how 
the various results can be interpreted by models typical for these substances which 
are derived from AF parent compounds. 
2 Relaxation in the Normal State and the Dynamic Spin Susceptibility 
The fluctuating part of the hyperfine interactions of the nuclear magnetic mo- 
ments is the source of relaxation processes. The main contribution to the cop- 
per, oxygen, and yttrium spin-lattice relaxation rate 1~TI in cuprate compounds 
arises from electron spin fluctuations, although the presence of  quadrupole in- 
teractions may have important consequences, as we will see later. The magnetic 
contribution is related to the imaginary part of the dynamical spin susceptibility 
z (q ,  co0) dependent on the wavevector q and it is given by the Moriya formula 
= r.'k~ z: ,~ , (q .oJo)  
2/1~ q,~,.~ CO o 
where 
F~(q) = 1~. Aj,~~exP(iq.rj) z . 
Here, F,,(q) is the form factor, co 0 is the nuclear resonance frequency, a denotes 
the direction of quantization, i.e., the direction of  either the maximum compo- 
nent of the EFG in NQR or of the steady magnetic field in NMR, a n d a '  is the 
direction perpendicular to a. Aj is the on-site (rj = 0) and transferred (rj ~: 0) 
hyperfŸ coupling tensor for the nuclei under consideration. Therefore, 1/TIT pro- 
vides information about the q-averaged imaginary part of z(q,  0). The numeri- 
cal values of the coupling tensors Aj, which may range up to several kilooer- 
sted, have been derived from various NMR experiments, in particular from mag- 
netic shift studies. 
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Relaxation times and Knight shift behave quite differently from correspond- 
ing data in conventional superconductors or metals. For instance, the relaxation 
tate has a nonlinear temperature dependence and the Knight shift is temperature- 
dependent. Furthermore, different nucIei (Cu, O, Y) display different tempera- 
ture dependences which, in turn, are related to the doping level of the substance. 
For instance, lZTIT of Cu(2) in the normal state of YBa2Cu408 increases with 
decreasing temperature in a Curie-Weiss-like fashion, reaches a maximum at a 
temperature T o, which characterizes the spin-gap (to be discussed later), and then 
continuously diminishes as the temperature goes to zero. 
One of  the first attempts to explain the temperature dependence of  1/T  1 was 
the phenomenological MMP model by Millis et al. [6]. The essential assump- 
tion of this model is that z (q ,  co0) is the superposition of two terms: one for 
itinerant quasiparticles and the other for localized Cu 2§ magnetic moments. To- 
gether with its variants, the model has, among others, quantitatively described, 
for example, the normal state relaxation of Cu, O and Y in YBa2Cu307 and 
Lal.ssSr0.tsCuO 4. Further developments of  the MPP model and the so-called 
nearly AF Fermi liquid (NAFL) description of the superconductors are reviewed 
in reŸ 7. References 4 and 5 discuss these models and alternatives like the 2- 
DQHAF scaling model which regards a cuprate superconductor as a disordered 
two-dimensional (2-D) quantum Heisenberg AF. It seems that the NAFL model 
is rather well obeyed in overdoped cuprates, while the 2-DQHAF model de- 
scribes underdoped cuprates. 
The t -J  model [8] is a good starting point for calculations of the dynamic 
spin susceptibility, at least for compounds with moderate doping. Here, t denotes 
the hopping energy of the holes and J represents the strong repulsion between 
holes residing on the same square. When calculating the susceptibility, ah es- 
sential point is how one is treating the AF correlation length ~ which depends 
on temperature and doping. Is the dependence postulated? Is it obtained from a 
comparison with experimental data? Expressions used for z(q, COo) are good ap- 
proximations only for wavevectors in the vicinity of the AF wavevector; thus, 
the models provide reliable results for 1/T 1 if ~ is large. However, in YBa2Cu307, 
for instance, ~ is small and therefore a microscopic approach is required. 
As an example, we have calculated z " (q ,  co0) within a constraint-free theory 
based on the presentation of the t -J  model in terms of Hubbard operators [9]. 
Both electron and AF spin correlation were taken into account. The model is 
able to reproduce the main features of the temperature and doping dependence 
of ~ in both the pure Heisenberg AF (e.g., La2CuO4) and doped compounds 
La2_xSr~CuO 4. We then determined 1/T 1 for 170, 63Cu, and s9y in YBa2Cu307; 
the results ate in good agreement with experimental data. 
The relaxation of chain copper in YBa2Cu307 and YBa2Cu40 s requires a dif- 
ferent treatment [10] since the chains present an 1-D quantum system. It is be- 
lieved that the Luttinger-liquid approach is most approp¡ for describing the 
universal low-energy properties of such systems and the interactions between their 
elementary excitations. Our starting point for describing the charge and spin 
dynamics in the chains of cuprate superconductors is the 1-D Hubbard model, 
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whose low-energy properties can be described within the Luttinger-liquid ap- 
proach. On this basis, we Calculated the temperature and concentration depen- 
dente of  1/T 1 and the Knight shift of the chain Cu nuclei in YBa2Cu307 and 
YBa2Cu408. The experimental results are well fitted by the predictions of  the 
Luttinger-Tomonaga model and the renormalization group theory. The fit yields 
parameters which are reasonable for both compounds. 
3 Spin Gap and Electronie Crossover 
The occurrence of the so-called pseudogap is a characteristic feature of the nor- 
mal state of optimally doped and underdoped cuprate superconductors. The pseudo- 
gap refers to the transfer of low-energy excited states to higher energy. In NMR 
and neutron expe¡ the pseudogap reveals itself a s a  spin gap. We have stud- 
ied the spin gap in YBa2Cu408, where 1/T1T reaches a maximum at T*, about 150 
K. Is it possible that the spin gap is related to other gaps present in the super- 
conductor? 
Du¡ the course of our spin gap investigations, we discovered anomalies 
(like kinks and change of  slope) in the temperature behavior of  several NMR- 
NQR quantities, all occurring around a temperature T + = 180 K [11]. These 
anomalies were found in spin-lattice relaxation rates of Cu, O, and Y but also 
in line widths and Knight shifts. We interpreted the anomalies as the fingerp¡ 
of an electronic crossover, rather than a structural phase transition, occurring in 
both the planes and chains once the temperature is lowered below T*. The cross- 
over reveals itself by enhanced charge fluctuations in planes and chains accom- 
panied by a charge (hole) transfer from chain to plane. Anomalies around T + 
were also observed in Raman scattering and X-ray diffraction [II]. 
These anomalies seem to support the idea that the spin gap phenomenon is 
caused, at least partly, by a transition due to a charge density wave (CDW), and 
hence, that the spin gap and electronic crossover are related. Eremin et al. [12] 
have calculated the temperature dependence of the spin susceptibility in YBa2Cu40 s 
on the assumption that a pseudogap in the normal state opens due to a CDW in- 
stability. The agreement with experiment is very good. The authors explained, for 
example, the strong temperature dependence of the magnetic shift of Cu(2) nuclei 
and predicted a dependence of T* on the isotope mass. 
Such an isotope effect has been found in a high-accuracy NQR spin-lattice 
relaxation study of the plane 63Cu nuclei, supplemented by susceptibility measure- 
ments, on 160- and lSO-exchanged YBa2Cu408 samples [13]. The isotope exponents, 
defined as c~ = -Aln(T*)/Aln(m) for T*, and correspondingly for T c, are aŸ 
0.061(8) and a(Tc)= 0.056(12). The agreement of the exponents, within the ex- 
perimental error, suggests a common origin, or at least a relation, for the super- 
conducting and the spin gap. By extending their work to the plane Cu Knight shift, 
Mali et al. [14] again found ah isotope effect on the spin gap; both exponents have 
the same sign. These results disagree with a study which reported the absence of 
an isotope effect [15]. Hence, the controversy on this topic continues. 
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4 Quadrupole Relaxation of Barium Nuclei 
While the AF spin fluctuations dominate the plane Cu and O nuclear relaxation, 
they have a negligible effect on the spin-lattice relaxation of the out-of-plane Ba 
nuclei, 135Ba and 137Ba. Instead, these nuclei relax by the interaction of  their qua- 
drupole moments, eQ, with fluctuating EFG due to phonons [16]. It turned out 
that the Ba relaxation is caused by a two-phonon Raman process, i.e., the ab- 
sorption of one phonon and the emission of  another. On the assumption of  a Debye 
type phonon spectrum, such a process leads to the following relaxation rate 
kro/n exp(hco/kT) (h(_t) 16 
Ti o (exp(hco/kV) - 1)z 
Here, T D is the Debye temperature and the factor A is assumed to be tempera- 
ture independent. This expression has been fitted to the experimental data of  both 
isotopes with T Das  the only adjustable parameter, beside the scaling factor A. 
The fit is very good for both isotopes and yields the same Debye temperature, 
T D = 185(20) K. In the high- and low-temperature limits, the relaxation rates vary 
as T 2 and T 7, respectively, which is well known from relaxation studies of  ionic 
crystals. It is worthwhile to note that the Ba relaxation rates pass smoothly 
"through Te" , which implies that those phonons causing Ba relaxation do not 
change appreciably at the phase transition 
Our result for the Debye temperature agrees quite well with T D values of  155- 
185 K deduced from an analysis of the thermal conductivity. This is expected since 
heat is mostly carried by acoustical phonons and the Debye model, which was used 
to derive the relaxation formula, works best for acoustical phonons. 
For YBa:Cu307, it has been reported that magnetic interaction seems to be 
the origin of the Ba relaxation [17]. The origin of  the very different behavior 
of  Ba relaxation in the two cuprate compounds is unknown. It is feasible that 
oxygen diffusion in YBa2Cu307 accounts for the difference. 
5 Single-Spin Fluid Model 
After this digression, we retum to the plane Cu and O relaxation in the normal 
state of  YBazCu408 and we will show that even here quadrupole relaxation is 
present. These investigations are related to the question whether the single-spin fluid 
(SSF) model is valid, in other words: How many electronic degrees of  freedom 
are necessary to describe the physics at the atomic scale of cuprate superconduc- 
tors? Adopting the picture of the spin-resonant singlet state with quasi-localized 
holes at copper [5], only one spin degree of freedom would be necessary; and 
copper and oxygen K.night shift data seem to favor this view. However, oxygen 
and yttrium relaxation anisotropy data do not fit into this picture. 
First, the anisotropy of the in-plane oxygen spin-lattice relaxation rate, 17(Wll, Wc) 
(with the magnetic field either in the plane or parallel to the c-axis), displays a 
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pronounced temperature dependence (e.g., [18]) while the SSF model predicts an 
almost temperature-independent rate (W is an abbreviation for 1/T 0. Zha et al. [19] 
tried to explain the behavior of 17(Wll, Wc~) in the framework of the MPP by in- 
cluding additional next-nearest-neighbor and incommensurate AF fluctuations. This 
model is able to describe the temperature dependence of 17(Wll, Wr177 qaite well. 
However, when calculating the ratio 17~Ÿ233 e by following the MPP model and 
including the new forro factor proposed by Zha as well as the incommensurabil- 
ity, our result failed to reproduce the data. While the nearly constant value of 
17~Vcq at temperatures above T* agrees with the calculation, the pronounced 
uptum of the ratio below T* and its saturation around 100 K are not reproduced 
by the model. 
As an altemative, we proposed [18, 20] the presence of  an additional relax- 
ation mechanism which can provide a coherent description of the temperature 
dependence of both 17(Wjl, Wc.l) and 17~'Veq c. As shown in ref. 18, there are 
enhanced charge fluctuations in the chain and the plane at tempera~zres below 
T*. These fluctuations open ah additional relaxation channel which is of  quadru- 
polar origin. This would easily explain the temperature dependence of 17~yre/89~y ›
since only ~7W~ of plane O is enhanced while Y, because of its spin 1/2, cannot 
couple to the charge fluctuations. 
We employed a double irradiation method [21] to show that, below around 
200 K, the spin-lattice relaxation rate of plane oxygen is driven not only by 
magnetic but also significantly by quadrupolar fluctuations, i.e., low-frequency 
charge fluctuations. These findings show that, with the opening of the pseudo- 
spin gap, a charge degree of freedom is present in the electronic low-energy 
excitation spectrum. In other words: the SSF model is only partially correct. Two 
degrees of  freedom are involved in the system, one of them is the single-spin 
degree, whereas the other one is the charge degree of freedom with predomi- 
nantly oxygen character, since it is not observed at the copper sites. 
6 Superconducting State 
The nature of the nuclear spin-lattice relaxation in the superconducting phase of 
the cuprate high-temperature superconductors is still a matter of  debate. At tem- 
peratures above about 0.4Tr the plane Cu relaxation arises from a magnetic in- 
teraction of the nuclei with their surroundings. The temperature dependence of 
the relaxation rate is close to a T 3 behavior which is attributed to the d-wave 
pairing of the charge carriers. For a discussion, see e.g., refs. 5 and 7. At low 
temperatures, however, there are deviations from the T 3 relation; and at least in 
some cases, quadrupole interactions are involved. For instance, Kitaoka et al. [22] 
measured the Cu relaxation rate in YBa2Cu307 (with T c = 90 K) and found that 
the rate becomes temperature-independent below 4.2 K, where it is dominated 
by quadrupole interactions. Also Takigawa et al. [23] detected, in the same com- 
pound, a quadrupole contribution to the Cu relaxation below 10 K; the authors 
attributed this contribution to oxygen diffusion. 
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A systematic study of the low-temperature plane Cu relaxation in YBa2Cu408, 
where oxygen diffusion is absent, has been reported only quite recently [24]. 
Between 15 and 1 K, the relaxation rate decreases on lowering the temperature, 
the rate reaches a minimum at 7 K, and then increases. Such a kind of behavior 
has not been observed so lar in high-temperature superconductors. The total rate 
consists of a magnetic a n d a  quadrupole contribution. The latter increases with 
falling temperature, While the magnetic contribution decreases. A study of this 
unusual behavior is in progress. 
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